The growth of the filamentous fungus Aspergillus niger, a common food spoilage organism, is inhibited by the weak acid preservative sorbic acid (trans-trans-2,4-hexadienoic acid). Conidia inoculated at 10 5 /ml of medium showed a sorbic acid MIC of 4.5 mM at pH 4.0, whereas the MIC for the amount of mycelia at 24 h developed from the same spore inoculum was threefold lower. The MIC for conidia and, to a lesser extent, mycelia was shown to be dependent on the inoculum size. A. niger is capable of degrading sorbic acid, and this ability has consequences for food preservation strategies. The mechanism of action of sorbic acid was investigated using 31 P nuclear magnetic resonance (NMR) spectroscopy. We show that a rapid decline in cytosolic pH (pH cyt ) by more than 1 pH unit and a depression of vacuolar pH (pH vac ) in A. niger occurs in the presence of sorbic acid. The pH gradient over the vacuole completely collapsed as a result of the decline in pH cyt . NMR spectra also revealed that sorbic acid (3.0 mM at pH 4.0) caused intracellular ATP pools and levels of sugar-phosphomonoesters and -phosphodiesters of A. niger mycelia to decrease dramatically, and they did not recover. The disruption of pH homeostasis by sorbic acid at concentrations below the MIC could account for the delay in spore germination and retardation of the onset of subsequent mycelial growth.
The filamentous fungus Aspergillus niger is a food spoilage organism that contaminates a variety of foods and beverages, including confectionery, dairy, and fruit juice products (12, 22, 37) . A. niger is used to produce extracellular enzymes and organic acids for the food and pharmaceutical industries, and these products are generally regarded as safe (GRAS). However, some strains of this fungus have the capacity to produce the mycotoxin ochratoxin A (1, 5, 45) , and this is of major concern to the food industry. Spoilage incidents occur due to the ability of the contaminating organism to overcome modern-day preservation technologies, such as low pH and water activity (a w ) and high concentrations of chemical preservatives.
Naturally occurring weak organic acids, including sorbic acid (trans-trans-2,4-hexadienoic acid), benzoic acid, and acetic acid, are the most commonly used chemical preservatives of food and are GRAS, broad-spectrum antimicrobial agents (29) . The antimicrobial activity of these acids in aqueous solution is pH dependent, with the maximum effect occurring at low pH, thus favoring the undissociated state of the acid (28) . Because they are uncharged, undissociated acid molecules are lipophilic and will penetrate plasma membranes and thus enter cells. Theoretically, the higher-pH environment of the cell cytosol (ca. pH 7.8 in A. niger [13] ) promotes the rapid dissociation of acid molecules into charged protons and anions, which cannot subsequently diffuse back across the plasma membrane. Intracellular acidification of the cell cytosol resulting from the accumulation of protons inhibits key metabolic activities involved in glycolysis (18) and hence inhibits ATP yields. A reduction in intracellular pH (pH int ) and thus in the proton motive force (⌬p) may also lead to reduced cellular uptake of amino acids (11) .
Several attempts have been made to monitor changes pH int during weak-acid stress. Acetic acid decreases pH int in cultures of Saccharomyces cerevisiae (2) . Furthermore, Krebs et al. (18) used [ 14 C]benzoate (2 to 10 mM), coupled with mathematical modeling, to demonstrate a decrease in the intracellular pH of Ͼ1.0 unit in S. cerevisiae. In contrast, Bracey et al. (7) , using a fluorescence-based probe, were unable to detect a decline in pH int when cells of S. cerevisiae were cultured with sorbic acid.
For all organisms, the maintenance of a stable intracellular pH is essential for normal cellular functions, including gene expression, protein synthesis, and enzyme activity (21) . In this respect, A. niger can sustain pH cyt and pH vac at 7.6 and 6.2, respectively, when the extracellular pH (pH ex ) values are varied between 1.5 and 7.0 (13). The pH int homeostasis in fungal and plant cells is maintained by the removal of protons from the cytosol mediated by a P-type ATP-dependent plasma membrane H ϩ -ATPase. This efflux pump also actively drives nutrient uptake and regulates ion homeostasis through the generation of an electrochemical potential or ⌬p across the plasma membrane (15, 30) . In S. cerevisiae, the dissociation of weak acids in the cell cytosol activates the H ϩ -ATPase in a response to counteract proton toxification (16, 31, 46) .
Weak acids, such as sorbic acid, have been used extensively as food-preserving agents, but their mechanism of action in filamentous fungi remains unresolved. Consequently, the present investigation has studied the effects of sorbic acid on spore germination and mycelial growth in A. niger. 31 P nuclear magnetic resonance (NMR) spectroscopy has been used for real-time monitoring of both cytosolic and vacuolar pH during weak acid stress in this organism.
MATERIALS AND METHODS
Chemicals. All chemicals were obtained from Sigma (Poole, United Kingdom) unless otherwise stated.
Strains and growth conditions. Conidia of A. niger strains N402 (6) and NW131 (34) .0 g of bacteriological peptone 2.0 g) supplemented with 0.02 g of biotin per ml, 1.0 g of p-aminobenzoic acid per ml, 5.0 g of, pyridoxine per ml, 5.0 g of thiamine per ml, 10.0 g of nicotinic acid per ml, 10 g of riboflavin per ml, and 2% (wt/vol) glucose at pH 4.0. The flasks were weighed before and after being autoclaved, and the weight difference was adjusted by adding sterile distilled water. The flasks were inoculated with 10 7 conidia (10 5 /ml), unless otherwise stated, and incubated on an orbital shaker at 160 rpm for up to 96 h at 28°C. For mycelial inocula, the flasks were inoculated with 10 7 conidia and incubated as described above for 24 h before being washed with 50 ml of the same medium and then aseptically transferred to fresh ACM. All cultures were harvested through Mira cloth, washed twice with distilled water, and stored at Ϫ20°C before being freeze-dried. MICs of sorbic acid for spore inocula were determined on the basis of a lack of visible germ tubes (determined microscopically) and those for mycelial inocula were determined on the basis of biomass dry weights after 72 h.
Sorbic acid solutions. A stock solution of sorbic acid was prepared by dissolving sorbic acid in pure ethanol to give a 10% (wt/vol) solution. The stock solution was subsequently diluted in ethanol before being adding to autoclaved growth medium. The final concentration of ethanol in each flask, apart from water controls, was always 1% (vol/vol), and the ethanol had no discernible effects on spore germination or mycelial growth in control studies. The pH of the medium following addition of the acid was adjusted, as necessary, to a value of 4.0 with NaOH.
Immobilization of conidia for NMR studies. Immobilization of A. niger NW131 conidia in Ca 2ϩ alginate beads (Manugel DJX; ISP Alginates, Tadworth, United Kingdom) and subsequent culturing were performed as described previously (14) .
NMR perfusion conditions. Immobilized biomass from the shake-flask cultures was washed with perfusion buffer (30°C at pH 4.0) as described previously (13) and perfused within the NMR tube for 2 h with 1 liter of the same buffer saturated with oxygen. Following a steady-state incubation period of 2 h, sorbic acid was added to the buffer reservoir. This addition did not alter the pH of the buffer. For all experiments, a 4-cm plug of immobilized biomass (with or without 12.5 ml of beads) was perfused at 15 ml/min. 31 P NMR spectroscopy. Experiments were carried out at 30°C as described previously (14) . Briefly, 31 P NMR spectra were recorded at 121.5 MHz on a AMX300 wide-bore spectrometer (Bruker, Bremen, Germany), using a 31 P/ 31 C probe tuned to the 31 P nucleus. Spectra were collected over 20-min intervals (5,700 free induction decays) using acquisition parameters as described previously (14) . Methylene diphosphonic acid (0.2 M, pH 8.9), contained in an in situ capillary, was used as an internal reference, resonating 16.92 ppm relative to 85% H 3 PO 4 (0 ppm).
Cytoplasmic and vacuolar pH values of A. niger were determined by comparing the pH-sensitive chemical shifts of cytoplasmic and vacuolar inorganic phosphate resonance (P cyt and P vac , respectively), using a calibration curve for inorganic phosphate (P i ) (10) , as utilized in previous work (24, 27, 38) . The pH of the perfusion buffer was determined using a pH electrode.
Sorbic acid analysis. Sorbic acid analysis on A. niger N402 culture filtrates was carried out by capillary electrophoresis on a Hewlett-Packard 3D capillary electropherograph with diode array detection and using HP Chemstations 3D software; dehydroacetic acid was the internal standard. The capillary used was an HPG1600-61332 capillary (64.5 cm by, 75 m [internal diameter]) incorporating an extended light path. Positive control experiments with sorbic acid added to the culture medium showed a 94% recovery of the acid.
Binding/adsorption of sorbic acid. An inoculum of 10 7 A. niger N402 conidia or young mycelia (ϳ24 h old) was inoculated into 100 ml of ACM (pH 4.0) containing 1.0 mM sorbic acid. Following a 20-min incubation period at 28°C, with shaking at 160 rpm, the concentration of sorbic acid in the culture filtrate was determined by capillary electrophoresis.
RESULTS
Effects of sorbic acid on spore germination and mycelial growth by A. niger. The MIC of sorbic acid needed to completely inhibit spore germination (i.e., to cause a lack of germ tubes emerging from the spores) by A. niger for up to 72 h varied with the size of the inoculum ( Table 1) . As the inoculum size increased, there was a corresponding increase in the MIC needed to inhibit germination (Table 1) . Samples from culture media were removed at regular intervals and examined microscopically for signs of germination if visual growth was not detectable. To ensure that an adequate incubation period had been allowed for the determination of the MIC of sorbic acid, the cultures were incubated for up to 7 days, but the MIC remained constant. Figure 1 shows growth curves obtained using a spore inoculum (10 5 spores/ml of medium) when sorbic acid (1.0 or 3.0 mM) was added to the culture media. Sorbic acid delayed spore germination and significantly (P Ͻ 0.05) inhibited subsequent mycelial growth. In control cultures containing water or ethanol, spore germination occurred between 6 and 12 h, whereas in cultures containing 1.0 mM sorbic acid, spore germination occurred between 12 and 18 h, and in those containing 3.0 mM sorbic acid, spore germination was delayed for at least 24 h. Once spore germination had commenced, mean biomass yields after 24 and 48 h of culturing were inhibited by 57 and 28%, respectively, when 1.0 mM sorbic acid was present in the culture medium, compared to those for the corresponding controls (Fig. 1) . When added to culture medium at 3.0 mM, sorbic acid inhibited biomass yields by 67 and 54% at 48 and 72 h, respectively, compared to the controls (Fig. 1) . With 1.0 and 3.0 mM sorbic acid, the maximal biomass yields were reached by 72 and 96 h, respectively (Fig. 1) . Transfer of the mycelia from the cultures containing 3.0 mM sorbic acid after 
a For spore MIC determinations, different concentrations of conidia were inoculated in 100 ml of ACM (pH 4.0) containing sorbic acid. Mycelial inocula were propagated from 10 5 spores/ml in 100 ml of ACM (pH 4.0) grown for 24 h. Fresh ACM (pH 4.0) containing sorbic acid was inoculated with the combined biomass from one (i.e., 1 ϫ 24-h culture), two, or three of the initial 24-h cultures. All culturing took place in 250-ml shake flasks incubated at 28°C with shaking at 160 rpm. Results presented are from independent cultures (n ϭ 3 for each).
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A. spores/ml of medium) were transferred to fresh medium containing sorbic acid, the MIC needed to completely inhibit further growth was ϳ66% lower than that required to inhibit spore germination (inoculum of 10 5 spores/ml of medium) ( Table 1 ). The MIC increased slightly when the biomasses of two or three 24-h cultures were combined and used to inoculate medium containing sorbic acid. (Table 1 ). Figure 2 shows changes in cell dry weight over a 96-h culture period when young mycelia of A. niger were transferred to fresh medium containing 1.0 mM sorbic acid. Fungal growth was completely inhibited for up to 48 h following transfer, and when growth did eventually recommence, between 48 and 72 h, the biomass yields at 72 and 96 h were inhibited by 60 and 30%, respectively, compared to those of the controls.
Sorbic acid stability in the presence and absence of A. niger conidia and mycelia. In the absence of A. niger cells, the concentration of sorbic acid (1.0 mM) in the medium remained constant for up to 72 h. However, when spores (10 5 spores/ml of medium) were cultured with sorbic acid (1.0 mM) for 24 h, the concentration of sorbic acid measured in the culture filtrate was below the minimum detection limit of ϳ45 M (Fig. 3) . The concentration of sorbic acid in the medium was constant for the first 6 h of culture when conidia of A. niger were added as the inoculum, but it decreased by 27 and 95% by 12 and 18 h, respectively (Fig. 3) . When a mycelial inoculum (propagated from 10 5 spores/ml of medium for 24 h) was used, the concentration of sorbic acid (1.0 mM) remained constant for the first 24 h of culture but the acid was undetectable at 72 h (data not shown). Analysis of capillary electrophoresis traces revealed that no obvious metabolites or degradation products of sorbic acid were present in the culture media when either a spore or a mycelial inoculum was used.
Binding and adsorption of sorbic acid. The above experiments showed that there was little if any removal of sorbic acid from the culture media by binding or adsorption of the acid to A. niger conidia or vegetative mycelia.
Sorbic acid causes intracellular acidification. Immobilized mycelia (14) of A. niger in perfusion buffer were incubated for 2 h to reach a steady state before the addition of sorbic acid. During this time, pH cyt and pH vac were relatively constant at FIG. 1. Mean cell dry weight yields of A. niger N402 in ACM (pH 4.0) (F, control) and with 1.0 mM (E) or 3.0 mM () sorbic acid added to the medium. Shake flasks of 250-ml capacity, containing 100 ml of medium, were inoculated with 10 7 spores and incubated at 28°C with orbital shaking at 160 rpm. Vertical bars show standard errors of the mean (SEM) (n ϭ 3) calculated from independent cultures. Results from ethanol controls were identical to those from water controls and are therefore not presented.
FIG. 2. Mean cell dry weight yields of
A. niger N402 following transfer of mycelia grown for 24 h in ACM (pH 4.0) to fresh ACM (pH 4.0) (F, control) and with 1.0 mM sorbic acid (E). Shake flasks of 250-ml capacity, containing 100 ml of medium, were incubated at 28°C with orbital shaking at 160 rpm. Vertical bars show SEM (n ϭ 3) calculated from independent cultures. Results from ethanol controls were identical to those from water controls and are therefore not presented.
FIG. 3.
Mean sorbic acid concentrations in the culture filtrate during the growth of A. niger N402. Shake flasks of 250-ml capacity, containing 100 ml of medium (ACM, pH 4.0) supplemented with 1.0 mM sorbic acid, were inoculated with 10 7 spores and incubated at 28°C with orbital shaking at 160 rpm. Vertical bars show SEM (n ϭ 3) calculated from independent cultures. Results from ethanol controls were identical to those from water controls and are therefore not presented.
ca. pH 7.6 and 6.2, respectively (Fig. 4) . The addition of sorbic acid (3.0 mM) resulted in a slight decrease in pH vac but caused pH cyt to rapidly decline by more than 1 pH unit within 20 min of addition (Fig. 4) . This led to the collapse of the pH gradient over the vacuole (i.e., pH cyt with pH vac ), making it impossible to distinguish between the P cyt and P vac peaks (peaks 4 and 5, respectively, Fig. 5A ) which had merged to make one large phosphate resonance (Fig. 5B) , corresponding to an intracellular pH (pH int ) of ϳ6.0 (Fig. 4) . This large intracellular phosphate resonance did not return to its separate constituent P cyt and P vac resonances, and the pH int value remained at ϳ6.0 for the rest of the experiment. Ethanol had no adverse effects on pH cyt and pH vac values, which were identical to those in water control experiments. In addition to the acidification of the cytosol and vacuole, a rapid and permanent loss of intracellular ATP (␥, ␣, and ␤ isoforms [peaks 7, 9, and 12, respectively, in Fig. 5A ; missing or reduced in Fig. 5B]) , sugar-phosphomonoesters (peak 2, Fig. 5A ), and sugar-phosphodiesters (peak 3, Fig. 5B ) were also evident from the NMR spectra.
DISCUSSION
This study represents the first systematic investigation of the mechanism of action of sorbic acid in A. niger. We show that in A. niger, sorbic acid delays spore germination and mycelial growth, causes intracellular acidification, and reduces intracellular ATP pools and levels of sugar-phosphomonoesters and -phosphodiesters. Although sorbic acid inhibited fungal growth in a concentration-dependent manner, A. niger was able to degrade the acid.
The ability of filamentous fungi to metabolize sorbic acid is well established, with early reports by Melnick et al. (23) suggesting that degradation of the acid occurs via ␤-oxidation, producing CO 2 and H 2 O. Several authors have reported that some fungi can metabolize sorbic acid and thereby detoxify it. For example, certain Penicillium and yeast (notably Zygosaccharomyces rouxii and Debaryomyces hansenii) species can degrade sorbic acid to the volatile compound 1,3-pentadiene through a decarboxylation reaction (9, 17) . The metabolism of sorbic acid to 4-hexanol by Mucor species has also been reported (19, 20, 42) . However, the metabolic pathway(s) and implicated enzyme(s) that convert sorbic acid into its metabolite products are still elusive. Sorbic acid is thought to undergo auto-oxidative degradation in aqueous systems, forming malonaldehyde and other carbonyls (3, 4, 44) . However, in the present study, in the absence of A. niger cells, the concentration of the acid remained constant for up to 72 h. When inocula of spores or vegetative mycelia were used, sorbic acid was undetectable in the culture media after 24 and 72 h, respectively. No metabolites or degradation products of sorbic acid were detected in the culture filtrate, possibly due to the production of volatile metabolites, as discussed below.
In the present study, there was no evidence to suggest that the bioavailability of sorbic acid was reduced by the possible binding or adsorption of the acid by cell walls or lipids of spores or mycelia. Steels et al. (39) similarly found no evidence that sorbic acid binds or adsorbs to yeast cells, although Stratford et al. (41) have provided proof that sulfite, another weak acid preservative, reacts with acetaldehyde produced by active metabolism in yeast.
In our study, sorbic acid was effective at delaying spore germination and reducing biomass yields of A. niger. This growth inhibition was concentration dependent, with the higher concentrations of the acid being most effective. The disappearance of sorbic acid (1.0 mM) from the culture media with time (Fig. 3) coincided with the onset of spore germination and subsequent mycelial growth (Fig. 1 ) and the recovery of mycelial growth in the case of a mycelial inoculum (Fig. 2) .
When the size of the spore inoculum and, to a lesser extent, the mycelial inoculum was increased, the MIC correspondingly 31 P NMR spectra of immobilized A. niger NW131 mycelium in the presence of 25 mM citrate-phosphate buffer (pH 4.0) before (A) and after (B) the addition of 3.0 mM sorbic acid. The peaks can be assigned to the following compounds: 1, inorganic phosphate standard; 2, sugar phosphomonoesters; 3, sugar phosphodiesters; 4, cytoplasmic inorganic phosphate; 5, vacuolar inorganic phosphate; 6, extracellular inorganic phosphate; 7, ␥-ATP; 8, pyrophosphate; 9, ␣-ATP; 10, NAD(H) and uridine diphosphoglucose; 11, uridine diphosphoglucose (second peak); 12, ␤-ATP; 13, penultimate phosphates of polyphosphate; 14, polyphosphate.
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on October 14, 2017 by guest http://aem.asm.org/ increased. A similar inoculum effect has been shown for a number of organisms exposed to weak acids (25, 39, 43) . Steels et al. (39) suggested that a large inoculum size increases the phenotypic diversity of a culture, thereby enhancing the likelihood that resistant cells are present. In this study, conidia inoculated at 10 5 /ml of medium showed a sorbic acid MIC of 4.5 mM whereas the amount of mycelia at 24 h developed from the same spore inoculum, grown in the absence of sorbic acid, showed a threefold-lower sorbic acid MIC. The conidia appear to retain some resistance to sorbic acid during germination and, at the same time, develop a capacity to degrade sorbic acid.
At the cellular level, our studies support the classic weak acid theory that, at low pH, weak acids cause intracellular acidification following their dissociation within the cell cytosol. As mentioned above, A. niger secretes large quantities of organic acids, such as citric acid and gluconic acid, and acidifies its medium to pH values below 2.0. Despite this, the fungus maintains its intracellular pH within a very narrow range (13) . The present investigation shows that sorbic acid rapidly disrupts such pH homeostasis. This is supported by the finding that pH cyt rapidly decreased by more than 1.0 pH unit to a value below that of pH vac , which also declined slightly, shortly after addition of the acid. This, in turn, completely collapsed the pH gradient across the vacuolar membrane, leading to the measurement of one large intracellular phosphate resonance (pH int ).
Bracey et al. (8) showed that sorbic acid, at low pH, causes intracellular acidification in S. cerevisiae. However, the same authors subsequently used a technique that allowed direct measurement of the pH int of growing cells in vivo and were unable to detect the previously noted large reduction in pH int during sorbic acid stress (7). They proposed that sorbic acid was indeed lowering pH int but suggested that actively growing cells were able to induce an energy-dependent response to counteract this detrimental effect. This energy-dependent response was proposed to be the proton-pumping H ϩ -ATPase, which is known to aid weak acid adaptation in yeast by actively extruding protons from the cell cytosol (16, 31, 46) . The active efflux of protons from the cell is a major energy investment for the organism since the H ϩ -ATPase can consume up to 60% of cellular ATP (35, 36) . In addition to the loss of the pH gradient over the vacuole, such changes could account for the long-term acidification of the cytosol observed in the present investigation.
Interestingly, NMR spectra in our studies showed that sorbic acid also caused the rapid depletion of intracellular ATP and that these yields were not replaced for the duration of the experiment. Thus, it is possible that the activity of the H ϩ -ATPase could cease due to a lack of substrate (ATP); this may be one reason why pH cyt was unable to recover. Przybylski and Bullerman (33) similarly reported that ATP pools were decreased during sorbic acid stress in conidia of A. parasiticus. These authors also suggested, similar to the subsequent claims of Bracey et al. (7) , that the rapid decline in ATP level was linked to the active efflux of protons from the cell by a proton pump. Energy (ATP) depletion through the strong inhibitory effects on glycolytic enzymes, e.g., phosphofructokinase, has also been reported to occur during weak acid stress in S. cerevisiae (18, 26) .
Acetic acid has the same pK a value as sorbic acid (4.76), and therefore both acids in theory should release the same concentration of protons on dissociation in the cell cytosol. Interestingly, the MIC of acetic acid needed to completely inhibit spore germination and mycelial growth is 20-fold higher than that of sorbic acid (our unpublished data). This suggests that the inhibitory action of sorbic acid is not due solely to intracellular acidification. Stratford and Anslow (40) also reported that MICs of sorbic acid and acetic acid in S. cerevisiae differ despite their equal pK a values.
In conclusion, our studies show that sorbic acid is an effective antifungal agent that delays spore germination and retards mycelial growth. Consistent with some previous findings, sorbic acid causes rapid and long-term acidification of the cytosol and subsequently collapses the pH gradient over the vacuole. Such growth-inhibitory properties are limited since A. niger appears to have the ability to metabolize or degrade the acid, but the precise mechanisms involved and the nature of the breakdown products are still to be determined.
